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Abstract: Analysis and interpretation of medical images are of clinical importance for medical diagnosis and treatment while 
they also have technical implications for computer vision and pattern recognition. In this context, one of the most fundamental  
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issues is the detection of object boundaries, which is often useful for further processes such as organ/tissue recognition, image 
registration, motion analysis, measurement of anatomical and physiological parameters, etc. Although one of the best methods of 
edge detection is based on wavelet transform, the standard wavelet transform has its own shortcomings such as lack of shift 
invariant and lack of directional selectivity in sub-bands in multidimensional applications. The discrete complex wavelet 
transform, which is based on complex mother wavelet, not only overcomes these shortcomings but has acceptable redundancy and 
complexity as well. It is especially useful for multidimensional situations and for high accuracy applications such as medical 
image processing. In this paper, the shortcomings of ordinary wavelet transform are initially investigated and comparisons are 
made between the standard wavelet and the complex wavelet. Then, the discrete complex wavelet domain is applied for image 
enhancement and edge detection of noisy images. The simulation results show that our method exhibits a better performance, 
especially in noisy cases, as compared with the standard wavelet and spatial methods. 
 
Keywords: Image processing, Edge detection, Complex wavelet transform, Noise reduction. 
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/ ��2 9Q	�p �CY �2 r	�CY	 ���C1� 0ω =�C�	� \,Q	�Cp 
jA( ) e− ωτω ≈ . 	 �2�>	�2 ]��	 Jj /2e− ω��� %	�C�d(n)

	�2 	>0.5τ =��� �2/ {�C� �C[2 �C2 �C5�3 �C2 / B�/K 

�q2	)*(9��2�q2	
Lz D(1/ z)
D(z)

−
0

0

G (z)
H (z)

=	hC� �9C��2 	�d�2 

Q	�p,��	� \:

)��(0H (z) F(z)D(z)=

)�V(L
0G (z) F(z)z D(1/ z)−=

�CC:	kJCC�	 � 9CC��2 �CC���/ �@CCx >�CC�&��� �	9CC13 �`&�CC,2 

X�xF(z)�C2 9C��2 ;EC� 1 k
hF(z) Q (z)(1 z )−= + 9C��2 .

�7 W�2 � B9� �7� ��4,� >	�2k�2	�2 ���	 B9� H�'�&	 m�L
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AO�;8:�>(���$���E�+"�<�� ��* ��4��.�&� 

�2	�2 	N-2 / H�'�&	 	h�F(z)C2 �X�Cx1F(z) a(1 z )−= + 

��CCY �CC3 ��CC2 9CCQ	�p0H (z)�CCq2	 � )��(�CC2	�2N/ ��CC� 

J�	�2�F2��� �2%�9�K:

0

0

0 0

h (n) f (n)*d(n) a(d(n) d(n 1))
g (n) f (n)*d(N 2 n) a(d(N 2 n) d(N 1 n))

g (n) h (N 1 n)

= = + − 
= − − = − − + − − 

⇒ = − −
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�x � %F1� ]�CE1� 6�C�? %��CQ�� lC'2 >�Q��4,� �7 %3

 9FCC��2 %CC�,�I lCC'2 >�CCQ��4,�h g( ) j ( )Ψ ω + Ψ ω>	�CC2 

��C2 9CQ	�p �@Cx %@F� >��(&�7�� .;EC�)V$wC�	(>�C��@5 

B9C�K �C�� �C2 {�� �/ �2 �7 9��1�� ����/ X�<4,Q ;�9<3

%� 6�-& 	 ��	 9Q�.

=8=8��,�G  �"(� SI����� ��	
� �
�� 

�2 >	�2 �,x�jp %�SI B��@��	 9&�2��? m� � >?��?�2 ?	 

%� ��� .�C���/ b�	�n ?	 B��@��	 �2 =�� ���� 6	�FG �2)� 6/9C2 

]�C,�� b�	�Cn J���:��& (sqC� mC� �)sqC� =C�� ~��C�^(

%� >?��?�2 ��F`,� ���.��F`,��:	}RC��Y JC�	 ?	 B9� >?��?�2 

	y	9& ��5/ ;p	93 ��F`,� J�	 � / \,��F2 %C� �9C��2 ��C� 6	�C3

 �,x�jp �sq� J�	 � �7 �@:SI	�d�2 Z9CG �C7 	�Ck �C�	

;�9<3 �u2�3 m� 9&�2��? � ;p	93 ��5/Z��_�	 ��E� %�	hC� / 9F7

 6��? �2 �,A���& / %qp ��2�n ���D)SI(%F1�LTI��	 .

;E�)V$H(>����(d;,4[3 	 B9� �7� 9&�2 ��? 0�F� /

%� 6�-& 9Q� .�� >	�2 {�� ��)sq� b�	�n^(A�B�C/D�2

X�CCx ��CC2 9CCQ	�p �CC�? )>�CCQ��4,�;CC,4[3 �/	 Z�:0�FCC� /

�@��%� H�'�&	 ����: �`�� ?	 X/9&��]�*[(:
2 4

0f 0 0
2 4 3

0f 0 0

2 4
0f 0 0

2 4
0f 0 0

A(z) H (z)H (z )H (z ),

B(z) G (z)G (z )G (z ), M 2 8

C(z) H (z)H (z )H (z ),

D(z) G (z)G (z )G (z )

=

= = =

=

=

� � �

� � �
)�}(

�:	j2 / MW e π={�� ;E� �2 �5�3 �2 ��� �2%�9�K :

a b
M 1

k k k

k 0

Y(z) Y (z) Y (z)

1 X(W z)[A(W z)C(z) B(W z)D(z)]
M

−

=

= +

= +∑
)�)(

�4�5 >�Q ������ ;��� ;p	93 k 0≠�C�	 J�C�	� >	�C2 	hC� �

���ITI 9��2 ?	 �4�5 r�x ;p	93 >�Q ��&��7 .%C� �C2 6	�C3

 >�Q��4,� b��F� %I	�Y;,4[3 b���3 �2 	 {�� y�� �0�F� /

R�[� %2�p ��7]�*[.;E�)^(Z�C�k sqC� � �C4D �C��D

 >	�2DWT/DCWT & 	 %� 6�- 9Q� .�C�	 8'-� �i&�Fk

	�2>/���C�1� ���%v�C&	 >	�Cn ��C2 wC4�'� ��qC� � b

�,�// �@>A3 ~���� ,,� �%� 9CF� ��CI%�C���/ >	�C2 �C�

 d�C2 �,,A3 6/92 ~�<���3 b�	�n >v�&	 �=4�'�%C�%9C&�� .�C4G

	�d�2>��3 �<%x�p ,�SI 	�2 >/�6K =4�C'� ��� 	�C� �C�

 �& ;�G �%6	�3�4�5 >�Q 	 ;p	93 �Y �2�@Cx �C2	�2 ;��� 

��7 � ��	 �%I	�Y �2 	 ��&K 6	�3%��� B?	9&	 �2 b��F� %�k�� 

��7 .�q2	 �2 �5�3 �2 ud	/ �))(� ���&	%%&�<,�-D B?�I �/

 B	�C�Q / 9CQ9& lC��D 	 %C@F� >��(C&�7�� �=4�'� ����/ 
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� S��� T
�(U�� �,�� !�� (
� )V&���-�� �
(RI� "�m)mM 2=(

�-*=8�(
� (> "� �,�� :�>!��(
� � ����� ��	
� �-* !� 

	9��>C5/�p 	9C�� ~��G ��	 �9��2 ���	� �@x �2	�2 %�,�C�4

	�2>��(&���� >@F� %X�x �2&���& %���� ��0& �k�� ���

��2 9Q	�p �@x .>	�2 ?	 �2�%�,`�(C2	/ Z9G 6	0%C� �C2 ,�@

�%v�&	 �<(& ?	 6	�3>�4�5 >�CQ ;p	9C3 )k 0≠(�C2 �C4�5 

4x	%	�2 >? �Q �B��@��	 9&�2���7)k 0=(	 ��C�� JC,6	0 �C2

�Y �	�2 =���>/�?	 ���� =4�'� ���Ve$C�� ,� B��C2 ;<

��I%	�2 ��>/����1� ���%�/9I ^$��,;<��	 ]V)[.

=8W8��,�G  �"(� DS����� ��	
� �
�� 

%CC� �Ci&�Fk \,C&	�2D DWT �,CCx�p >		� DS %@,1CCn 

��	 .x	 �4G �Cz	 � �C���5 69C� y�C4'� a�Cn�� JC�	 %4

��	 %�,�I >�Q��4,� ?	 B��@��	 .;E�)�$.(���F�� >������/

 >�Q9&�2��? �22D DWT � �C���/ �Q B9FF7 %&�<,�-D B?�I /

%� 6�-& 	 U&�7�� >912/� �[@x 9Q�.

>	�2DCWT �Q��4,� X�Cx �C2 =4�C'� 9C&	 r�Cp �C2 /

DWTCCCCCD %�	9CCCCC5 �CCCCC�����/ 6K � �CCCCC7 9CCCCC&��2 ��h

)(x, y) (x) (y)ψ = ψ ψ(��	� \,Q	�p �_F�	 �:

)��(
h g h g

h h g g

h g h g

(x, y) (x) (y)
(( (x) j (x))( (y) j (y))

(x) (y) (x) (y)

j( (y) (x) (x) (y))

ψ = ψ ψ
= ψ + ψ ψ + ψ

= ψ ψ − ψ ψ

+ ψ ψ + ψ ψ

 

>9C12/� �[@Cx � �C���/ �CQ B9FF7 %&�<,�-D B?�I �J�	�2�F2

 6��CC2 �@CCx �CC2 �CC5�3 �CC2 U&�CC7��h g( ) j ( )Ψ ω + Ψ ω>	�CC2 

hC: W�C2 >�CQ��4,� ?	 �C7 >9C&�2 �C�? >	�2 �%@F� >��(&�7�� 
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�(U �� RI� (>DWT ���* ([�"� 

� ��/ :��"� ���" �� Y7 �� 0�� 5
�" 0"�)7 RI�"� ��/ X��/DCWT#T
�(U �� RI� (>"� :9(!� @�(��Z�DCWT ���* ([�"� 

 � +��! �" ��/ :��"� >�.

��@��	%� B9F7X�x �2��2 9Q	�p ��? :

�_&K ?	 J�	�2�F2 �7

h g h greal{ (x, y)} (x) (x) (y) (y)ψ = ψ ψ −ψ ψ 

� /� �[@x ��	� \,Q	�p U&�7�� >912:

�C�/	? 9C&�2 �C�? JC�	 ��C�	 8'-� 0,& {�� ;E� ?	 �i&�Fk

− �45>�C�	/? / B��7 %&�<,�-D 	± �457 %C�& y�C4'� 	 9CF .
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��/	? \,Q	�'2 �i&�Fk+ �45	 ��� �2%��7 \�/K 	%E� ��

\,F7 ./�0� 	 �Q��4,� ?	:

)��(

h g h g

h g h g

h h g g h g

h g

(x, y) (( (x) j (x))( (y) j (y))

(( (x) j (x))( (y) j (y))

(x) (y) (x) (y) j( (y) (x)

(x) (y))

ψ = ψ + ψ ψ + ψ

= ψ + ψ ψ − ψ

= ψ ψ +ψ ψ + ψ ψ

−ψ ψ

 

ud	/ � ;�9<3 >912 /� =4�'� ����/)2D DCWT ( �C�k �C2 

?�,& �p� ��4,� �:	 �7 	�k �	�h+jg �Q�qC� / ��&��C� >/ 

���G	 ����%�6	�3���& :

x x y y x y x y x y x y(h jg )(h jg ) (h h g g ) j(h g g h )+ + = − + +

)�*(

��4�5 {�� ����1� ��	 ��� �/	 h/ 6��C� / �q� >/ 

��CC4�5 Z/� g��CC�G	 �CC�4,� 6	�CCFG �CC2 6��CC� / �qCC� >/ 

%� ��� /� JC�	 ;Cn�@3 ;Cx�I �7 �C4�5 	 %C�,�I ��(Cd 

%� 9Q� .�Cp�/� ���� ����: ��& � 0,& %��Q�� ��(d �:	

 �`�� %E� � ���	 ?�,& 0,&h>/ x/g>/ y>�C`�� � /

g>/ x/h>/ y%� ���G	 �C� �C2 �C���& � / ��`�9CE� 

u�5 %���9&.;E�)}(��p��;,4[3/0�FC�2D DCWT 	 

6�-&%�9Q�.

�CC2 B/�CCG 9CC� �CC7� �CCi&�Fky yh jg+./�0CC� �CC�4,� ?	 

�6Ky yh jg−%CCC� B��@�CCC�	 0CCC,& �CCC7 �CCC_&K ?	 / ��CCC�

x x y y x y x y x y x y(h jg )(h jg ) (h h g g ) j( h g g h )+ − = + + − +�

%3�x � ����1� %�,�I l'2 =�� �7)�*(��� ����: ��&�

);E� �p� /� ?	 B��@��	)}((�Cp� ;x�I�a�Cp� /b

%C� \C7 \CQ ?	 �C2 mC� / u�5 \Q �2 �2 m� �C�&9.JC�	 � 

X�x�9&�2 ��? ��� �2 %� 9C&�2��? �7 	�k �9�K ;Cx�I ��Q

 ��&��C� / �Q�q� >/ h:W�2 / h: J,��D >�Q��4,� ���G	 9F�

 /����1� �2 �5�3 �2)��(%�6	�3 �mC��Q �C7 �4Cx�I >������/ 

9&�2 ��? �Q B9FQ� ;,E-3 ���D��	 	 X�x �2 ��? �C�� �2

�/K:

)�|(

1,1 h h 2,1 g g

1,2 h h 2,2 g g

1,3 h h 2,3 g g

i 1,i 2,i

i 3 1,i 2,i

(x, y) (x) (y) (x, y) (x) (y)

(x, y) (x) (y) (x, y) (x) (y)

(x, y) (x) (y) (x, y) (x) (y)

1(x, y) ( (x, y) (x, y))
2 1 i 3
1(x, y) ( (x, y) (x, y))
2

+

ψ =ϕ ψ ψ =ϕ ψ
ψ =ψ ϕ ψ =ψ ϕ 
ψ =ψ ψ ψ =ψ ψ 

 ψ = ψ +ψ
⇒ ≤ ≤

ψ = ψ −ψ
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%� 6�-& 	 U&�7�� >912 /� �[@x � 9Q�.8'-C� �Ci&�Fk

 6	0CC,� ��CC�	DS�CC2 �<(CC& 2D DWT / B��CC2 �CC��2 �,(CC2 

>��	/?, ,± ± ±� � �15 45 75B9� m,E@3 \Q ?	 �Q9&�2 ��? � 9&	 .

;E� R2�q�)}(�2��? �� �p� �Q 9&)9C&�2 �C�? ?	 �,� �2

h: J,��D (%� 9,��3 9F7 .9&�2 ��? �p� >�Qa/b�,�& �2 �,�& 

%� \7 \Q ?	 / u�5 \Q �2 J�	�2�CF2 / 9&�C��>	�C2 9C&�2 �C�? 

%�,�I l'2 ��� �2%�9�K .;E�))(>�Q9&�2 ��? �C�� �C2 

���j3 >	�2 B9�K"	�2�2 "%� 6�-& 	 9Q�.

?	 �I >�Q9&�2 ��? �7 �_&K =C��3 �4x2D DCWT >�C�	/? 

, ,± ± ±� � �15 45 75%� m,E@3 \Q ?	 	 � �4x�I ��/�j3 �9F7

 ;E� >���p� w4�'� ��q�)}(9C&�,A���& lp�k �2 �<(&

)?	 ;x�I b�	�n �2 =�� ���j3 �C4I�� mC�� �C��p� �C�Q

 >?��?�2%���� (�%��I � �C���5 6��7 y�4'� �4G �2 �7

2D DWT R2�q� ;E�)�(	�d�2 �,x�p J�	�(,&.

� %3�x �q2	 %��Q�� l'2 �7)�*(�C���: �C�&� \Q

 9&�2��? ���� �p� >�Qc/d?	 / u�5 \Q �2 �,�& �2 �,�& 0,& 

%� \7 \Q / 9&�� 	h��%��CQ�� lC'2 >	�C2 0C,& 9&�2��? �C2

��� %� 9�K .R2�Cq� ��Cp� �C�k �CQ ?	 B��@�C�	 �C2 J�	�2�CF2

;E�)�(������/ %��CQ�� lC'2 \CQ / %�,�I l'2 >		� \Q

 �2�-� X�,x�jp �2 9&	 ?	 B��@�C�	 �	�� ?	 >�,(2 � J�	�2�F2 /

�p� /�a/b�Cq2	 %C�,�I lC'2 ?	 =C�� �C7 )�*(B��@�C�	

%� %C� �C��@7 �?	��CD >	�C2 �9FF7 6K �C7 9CF7 	RDCWT /

	 ��� B��@��	 �p� ��k �Q ?	 �7 %���IFDCWT%� \,��&.

W8��� +�(' ���� ����� ��	
� �� ������� �� �> 

�<� 6��7 8'-� / \�� >���?	��D �4�5 ?	 ��/�j3 � �Q 
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��/�j3 ��2�7�D��	 .X�,4�G J�	 Z�_&	 ?	 ;<d �7 %3�x �

 rhI 	 ���j3 0��& 6	��2��7 %�5�C3 ;C2�d ?�CY �C2 f��C�& �

%� ��<�2 92�� .	�k �C<� / 0��C& �7 >/�CI /� �CQ ���jC3 >�CQ

 �C_F� �0��& ��5/ �2 �<� 8,'-3 / B��2 W�2 U&�7�� X�G�Y	

 9� 9Q	�p B�<��	 8,'-3 �2.B?�CI � 0��C& rhCI >���/

 Z�C& / �'� �&���K sq� �,�& ����/]�|/Ve[X�Cx � 

��CE4�G lp�k/ �@,� �2 �<(& 6��2�,A���& �,x�p ��5/

?	 >���2 -C& ��p 9CFQ� %C� 6� .sqC� �/ ?	 �C���� JC�	 �

 �/ �C2 %CF�<� %C4[� 0��C& lQ�C7 \���`�	 / �'� �&���K

 %� B��@��	 Z�& �&���K sq� ���]V�[.\,Q	�p ��	�	 � �i&�Fk

 �&��C�K sqC� �/ �C2 %F�<� %4[� 0��& lQ�7 \���`�	 �9��

 lQ�7 � �'� �&���K sq� �/ ?	 >���2 �,(2 %��&	�3 Z�&

0��& %� 6�-& ��p ?	 �C<� 8,'-3 f���& ��<�2 �2 �_F� �7 9Q�

%� >0��& ��/�j3 � ���.

W8;8RI]� ^�" (]�  ]&���  ]�E� .
	! _>�' `�
"	2�� 

0(! �!���a 

�C���/ B?�CI � 0��& lQ�7 �,�/	 >���/]�|/Ve[?	

>	�2 %���j3�,� / J,1� >��E,FE3��� �2sqC� u2�C3 6�/K 

%� B��@��	 �&���K 9F7 .>0,2 >���/ ?	 B��@��	 �,p	 >����� �

 >	�2 �C�� �2 � >��<C��F� f��C�& �&��C�K sqC� u2�C3 6�/K 

%C� 6�-C& ��Cp ?	 0��& lQ�7 X�,4�G 9CFQ�]V�/V^[.JC�	

 / �C���/ b�	�Cn >	�C2 B9� ����: ��& � �9� �2 ������`�	

 2 B9F&? J,�'3 a�& ���(2	/ ��� �7 9&	 .�Cn �C���� JC�	 � b�	

 y/�-� ���(<�Q�& ]�DW %���j3 >�Q�,A�� X�x �2 ����/

 %� �9� U&��	/ 6��2 Z�41� �29&�� .�C���/ b�	�n ud	/ � 
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9&�2��? �Q � X�x �2��(C<�Q�& ]�CDW %���j3 >�Q�,A�� 

�2 y/�-� ;EC� w
1 2p (w(k)) exp( w(k) )

(k)(k) 2
= −

σσ

%� ����: ��& � �7 9&��w(k)/ 0��C& 6/92 ����/ b�	�n 

(k)σ�CCQ U&�CC�	/ 6�-CC& 	 b��CCn %CC� 9CCQ� .;ECC� )*(

/ ����/ >�Q9&�2��? ?	 %E� Z	�:��(,Q R2�Cq3 ]�CDW u�?�3

 ]�C�	 �C2 B9� ����:��& � �9� / 9&�2��? J�	 b�	�n �2 �����

 6�-C& 	 %4[� U&��	/ �2 ]�DW u�?�3 %C� 9CQ� .?	 �Ci&�Fk

 R2�q3 ����� J�	 � B9� ����: ��& � �9� ��	 8'-� ;E�

%<��F� 6�-& ��p ?	 Z	�:��(,Q �2 %�9Q�.

U&�C�	/ �C2 B9&�C� uC�5 %C��: 0��C& �2 ���j3 �i&�Fk2
nσ

J�	 � �9��2 B9� H	�p >0��& ���j3 ����/ b�	�n X�x

 X�Cx �C2 ��C��& 9C��1�� �C���/ ?	 B��@��	 X�x � B9� 

y(k) w(k) n(k)= + �7 ��2 9Q	�pn(k)%C��: 0��& ?�FQ 

��2 9Q	�p B9&�� u�5.

B9F&? J,�'3 ?	 B��@��	 �2MAPb��F� J,�'3 w(k)�C7

6K �2 	 MAPŵ (k)%� 6�-& u2�C3 6��C7 \��07�C� �z	 � \,Q�

%� ;x�I J,(D ����I	 %��`k ��� :

)Ve(MAP w(k)|y(k)
w(k)

ŵ (y(k)) arg max p (w(k) | y(k))=
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*�ij8!��(
� "� ��	
� T
�(U 0�(�	���> HH (
	%� Lena b;=×b;= ���� "��	P! @"	, �� 0	� g��<� "� ���� +��! :� 

��� �* . � +��! �"  �E� L!�
"�� �� gl/J S
�	� �P� �G � T
�(U �
� �� T��&� gl/J S
�	� ��7 �I<! >�.

	� \,Q	�p 0,2 6�&�d ?	 B��@��	 �2 J�	�2�F2��:

)V�(y(k)|w(k) w(k)
MAP

w(k) y(k)

p (y(k) | w(k))p (w(k))
ŵ (y(k)) arg max

p (y(k))
=

�7 �_&K ?	y(k)p (y(k))?	 ;��(�w(k)�C�	 �%C� 6	�C3 � 

r�x .�'� ?	 {�� �q2	 / ��7 ��& 	h�:

MAP y(k)|w(k) w(k)
w(k)

ŵ (y(k)) arg max[p (y(k) | w(k))p (w(k))]=

)VV(

�7 �_&K ?	y(k) w(k) n(k)= + %Y�C� ��C��I	 %��`k u2�3 �

y(k)|w(k)p (y(k) | w(k))J,`&�,� �2 %��: u�?�3 m� �w(k)

��2 9Q	�p .J�	�2�F2%�6	�3���& :

MAP n w(k)
w(k)

ŵ (y(k)) arg max[p (y(k) w(k)).p (w(k))]= −

)V^(

w��13�2w(k)f (w(k)) log(p (w(k)))=��	� \,Q	�p :

MAP n
w(k)

ŵ (y(k)) arg max[log(p (y(k) w(k))) f (w(k))]= − +

)V}(

%3�x � uC�?�3 u2�C3 �C2 %C��: 0��C& B9C� B��@��	 0��& �7
2

n 2
n n

1 np (n) exp( )
2 2

= −
σ π σ

�2 {�� �q2	 �9��2 ;E��C�? 

���: %� ;�9<3:

2

MAP 2w(k) n

(y(k) w(k))ŵ (y(k)) arg max[ f (w(k))]
2
−

= − +
σ

)V)(

��	� \,Q	�p J�	�2�F2 /:

)V�(2
n

ˆy(k) w(k) ˆf (w) 0− ′+ =
σ

�CC2 %CC4[� U&�CC�	/ �CC2 ]�CCDW uCC�?�3 ?	 B��@�CC�	 �CC2;ECC� 

w
1 2p (w(k)) exp( w(k) )

(k)(k) 2
= −

σσ
uCCC2	�3 f ,f′�CCC2

 b,3�3 X�Cx �2 2log( 2) . w− σ −
σ

/2 .sign(w)−
σ

%� ��� �2J�	�2�F2 / 9F�K:

)V�(
2
n2ˆ ˆy(k) w(y(k)) .sign(w(y(k)))

(k)
σ

= +
σ

� %3�x �7
0 if a 0

(a)
a otherwise+

<
= 


	 {�� �q2	 %�6	�C3 

X�x �2���& ��? :

2 2
n n2 2ŵ(y(k)) : soft(y(k), ) sign(y(k)).( y(k) )

(k) (k) +
σ σ

= = −
σ σ

)V*(

sqC� 	9C�� �C7 ��	 Z�& �&���K sq� u2�3 6��Q {�� �`4�G

��	 X/�@�� b��n �Q >	�2 �&���K .
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U&��	/(k)σ%C4[� >�Q ���(�Q ?	 B��@��	 �2 y(k)� �C7 

07�� �2 %12�� B�_FD m�y(k)	�Cd 6K r	�Y	 � �C���: 9C&	

 B�? J,�'3%���� .B9CF&? J,C�'3 ?	 B��@�C�	 �C2 ]��	 J�	 �2

 U&��	/ %2�_3%�6	�3 6K �C7 ����/ >0��& b�	�n U&��	/ 

�2 	2
y (k)σ%� 6�-& B?	9&	 �2 %`��(�Q m� � \,Q�M�C2 	 

�? J,�'3 ��? X�x:

)V|(2 2
y

j (k)

1ˆ (k) y ( j)
M

∈Ν

σ = ∑
>0��C& b�	�Cn U&�C�	/ ��F`,� ?	 0��& %`�(<�Q�& ��� �2

 0��C& U&�C�	/ / 0��& 6/92 b�	�n U&��	/ a��_� �C�	 /

��	� \,Q	�p J�	�2�F2:

)^e(2 2
n

j (k)

1ˆ (k) y ( j)
M

∈Ν

σ = −σ∑
%3�x � C2 9C��<& ]��C�� � 0C,& 0��C& U&��	/ 	9�� �7�

�&�,� B9F&? J,�'3 ?	 B��@��	]��[��? Z�� �2%�6	�3 2
nσ̂�2 	 

�/K ��� �2 ��? X�x:

)^�(
i2

n

i

median( y )
,

0.6745
y subband HH in finest scale

σ =

∈

J�	�2�F2 �Y �2R2�Cq� >���F-C,D 0��& lQ�7 \���`�	 �x�p 

;E� )|(%� Z�_&	 Z�: /� � ��,: .J,C�'3 m� �('& Z�: � 

B�	� ]��	 �2 ����/ >0��& b��n �Q U&��	/ ?	 b��F� >�Q

 B�? b��n �Q %`��(�Q � B9� B9Q�-� >0��&%���C�/�

�C`4�G >	�C2 B9� B�? J,�'3 U&��	/ Z/� Z�: �&��C�K sqC�

��� 	�d B��@��	 %� ��,: .

W8=8:��� m��! `�
"	2�� 

�	� lQ�C7 ����/ B?�I � ���j3 0��& �E&K ?	 UD �9C� B

%4Cx	 X�C,�05 �`&�C,2 �C7 W�C2 U&�C7�� >�Q9&�2��? b�	�n

 �CQ � / B9C� H�Cn m� ?	 ��:02 �9G m� � ��	 ���j3

 %� ����3 �4I�� �C2	�2 hC: J,��D >�Q9&�2��? b�	�n / 9&��

 B�	� 	�d �@x Z�C_&	 ����/ ]�E1� X�,4�G ����& � / B9�

%� ���hD .I ���jC3 6��C7 >�F��2 ?	 UD �k�: mC� �C2 �4Cx�

 �<� �&���K sq� �`4�G %� 6����& ���j3 >�Q ���,@,7 ?	 ��	 9&

 / B��CC<& 	��CCp�2 %2�CC4q� 6	9CCFk \���CC`�	 mCC� ?	 	hCC�

�?�& %� B��@��	 >?�� ���.6��C� �C� �q� �Q � ��F� J�92

 %1n�� \��07�� ����j3 U��3�� ��� �2 J�92 / B9�K X�x

 2�� / m� �2	�2 �����07�� ~���x B�	� 	�Cd �@x �2	�2 b�	�n %�

%� ��� .

W8W8SPA��� ����� `�
"	2�� :&� 

�Y �2 2 �<� 8,'-3 \���`�	 %47 ��C���� J�	 � ��� �7

 B?�I � DCWT%� Z�_&	 ��? ;I	�� R2�q� ��� :

�$2D FDCWT �<��[� %����.

V$%� Z�_&	 b�	�n >/ �2 0��& lQ�7 X�,4�G ���hD.

^$Q9&�2��? b�	�n %4Cx	 X�C,�05 �`&�,2 �7 W�2 U&�7�� >�

 %� ����3 �4I�� �Q � ��	 ���j3 9&�C� .	 � C� �C���� J

	�n����3 b%?�? 05 �2 �Q9&�2���D 9&�2�,��9CG � hC: J

}/�%� H�n 9&��.

}$J,��D >�Q9&�2��? ��Q B�	� 	�Cd �@Cx �2	�2 Z�: J��pK h:

%� ���.

)$�<��[� �F�	� / B9� ����: ����/ ]�E1� %����.

�$��Ek�C7 b�	�Cn ��Q >�F��2 ���j3 6�/K ��� �2 >	�2

 m� %�2�� / �@x �&���K sq� m� ?	%����.

�$%1Cn�� \��07�C� ����j3 ��<�2 >	�2)�CQ / �qC� �CQ �

6��� (%� X�x >?�� �?�& / B9� ����� ��,:.

*$/ mC� �C,�2 / �@Cx �&��C�K sqC� ?	 ���7 >��4(E,D ��Q

 ����� ��<�2 ���j3� �2��%�9�K.

;E�)�e(�&��& \���C`�	 �C2 �C<� 8,'-C3 X�,4�G ?	 >	

 �C2 y�C2�� Z�C: � �C7 �C���� JC�	 � B9� ��q� �<� 8,'-3

 B��@�CC�	 �'C� �&��C�K sqCC� �/ ?	 0��C& lQ�C7 X�C,4�G

%� 6�-& 	 9F7%�9Q� .�C4G �C2 �C�	 Z�41� ;E� ?	 �i&�Fk

�,x�pSI /DS ?�I � {�� B��� \���`�	 ��E4�G BDCWT 

���D �2 \���`�	 ?	 ���2DWT ��	.

>	�2 Z/� Z�: �z	 ���,d� %��2 )0��C& lQ�7 (X�C,4�G � 
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�-*n8��4A "��	P! :� �E� L!�
"�� �� gl/J S
�	� �� ������� �� .
	! _>�' @���P1 

���jC3 m� B9� 8'-� >�Q �<� �>0��& ��/�j3 �<� 8,'-3

 B?�I � >0��&DCWT  ?	 �7 >���/sq� �'� �&���K �C2

 �2 ��	 B9�K ��� � �CI/�q� %C4[� 0��C& lQ�C7 \���`�	 

l'2)^$�(B9� �(���� 9C&	 .?	 �Ci&�Fk ;EC�)��(8'-C�

 l'2 \���`�	 �7 �_&K ?	 ���	)^$�(?	 >�C��2 �,(2 ��E4�G 

J�	 �2 %F�<� �<� 8,'-3 f���& ��	� �'� �&���K sq� �/

2 %F�<� �/ ?	 ���2 �/ �'� �&���K sq� ���	.�_F�	 �

 >/�n ��E& J�	 �7� 	�7 ��%�6	�3 X	�C,,A3 %p�2 Z�_&	 �2 

%3/�@�� f���& ��� �2�/K .;EC� � �Ci&�Fk �&��& 6	�FG �2

/ �'C� �&��C�K sqC� >���/ R,@43 �2 ��	 B9� B�	� 6�-&

 lC'2 0��& lQ�7 \���`�	)^$�(�C2 >�C��7 >0��C& y�C�& �

-� �<� 6	�FG 9&	 B9� 8' .X�G�Y	 ��	 JE�� �/ J�	 ��	

 rhI 0,& 	 ���j3 %4x	 >�Q �<� ?	 >9,@�9F7 .

Z�C��� >��C�/ �C`�� �2 ����� J�	 � B9� �M		 \���`�	

��	 B9� �(���� 0,& �<� 8,'-3 .?	 9F3�<G ���/ J�	]V}:[

$�Cq�& �;S<�� b���3 ?	 B��@��	 �2 �7 ;S<�� �/ �C7 	 %��CQ

��	�:%� H�'�&	 �<� 6	�FG �2 ��	 \��07�� 6K � 6� 9F7.

$	 %��Q �q�& �X���,D b���3 ?	 B��@��	�2 �7 X���,D �/

 H�C'�&	 �C<� 6	�CFG �C2 �C�	 \��07�C� 6K � 6���	�: �7

%� 9F7.

$	 %��CQ �q�& ?�3�2� b���3 ?	 B��@��	 �2 �7 ?�3�2� �/

 � 6	�CFG �C2 �C�	 \��07�C� 6K � 6���	�: �7H�C'�&	 �C<

%� 9F7 .

$�<� �7 �@x ?	 �<G �/ ?	 �C<G y��& >�_�(5 �2 	 �Q

 ���j3 6��7 ��4,� ?	 UD �@x��� �2%��/K.

$�<� �7 %FN7 �/ 6���	�: %4[� \��07�� >�_�(5 �2 	 �Q

 ���j3 ��� �2 %��/K .�C7 �C2 �C2 6�C��	�: ��F� J�92

 %��: ��4,� m� R�-� 6��2 ��� �2 %��K9.�/ J�	 �

 �<� 8,'-3 >	�2 �&���K sq� /� ?	 w,1Cn / >�Cd >�CQ

 %� B��@��	 ��� .�<� �C<� �2 �7 %�d/ ~���x w,1n >�Q >�CQ

 ;j�� >�d��%� 8'-� �<� 6	�FG �2 9& 9&�� .

$�C<G y��& >�_�(5 �2 	 �Q �<� �7 %��: ]�DW �/

 %C��: ]�CDW �C�4,� ?	 ���jC3 �<G ?	 UD �@x ?	 �C2

���%��/K.

;E�)�V(�;C<d ;E� � ����: ��& � >0��& ���j3 >�Q �<�

 B9� 8'-� �7h�	 {�� >���/ �2 �76�-C& 	 9C&	 %C� 9CQ� .

��CE4�G 0��& �cI �4G �2 ���/ J�	 ��	 8'-� �i&�Fk

%�& 6�-& ��p ?	 %��<d ;2�d 9FQ�.

\8SPA @���)&��/ � :&� 

n y��& 6�,2 ?	 UD ����� J�	 � %���1� ����/ ;�9<3 w1

 J�	 �7 9� B�	� 6�-& / ��p	��D =4�'� ����/ ;�9<3 %��1� �2

?	 %<��C5 X�,x�jCp >		� ;�9<3 �C2 %`�(C2	/ Z9CG �C4�5

 >�C�	/? 6��C7 8'-� / >�// �@,�, ,± ± ±� � �15 45 75� 

��CCp >�Q9CC&�2��?�CC�	 .X�CC,4�G ;�9CC<3 JCC�	 ?	 B��@�CC�	 �CC2 
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�-*;;8��	� "� ��� ����� DCWT ��� �!���a RI� .
	! _>�' ^�" �� ������� �� +"� ���(I�  �E� .
	! _>�' `�
"	2��

_��)W8;(��	� "� ��� ����� #DCWT �� ������� �� _�� "� ���(I�  �E� .
	! _>�' `�
"	2��)W8;(��	� "� ��� ����� #

DCWT_�� "� ���(I�  �E� .
	! _>�' `�
"	2�� �� ������� �� )W8;(��	� "� ��� ����� #:��� m��! @���P1 �� L/ DCWT �� 

��	� "� ��� ����� #:��� m��! @���P1 �� L/ ��� �!���a RI� .
	! _>�' ^�" �� �������DCWT _>�' ^�" �� ������� �� 

L!�
"�� �� :.
	! (
	%� #��� �!���a RI� .
	!;r.

�-*;=8��� � 5���� :�)*�" �� �' ��Q �-* "� ��$(� (s! "� t:.
	! (
	%� :�> ���a ��� !� .���" �� Y7 �� T��(� �� :^�"

" �  &v' ^�" #(�, �� "	�1 ^�" #�(�(�w" ^�" #@	
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/ %��C�1� �C���/ �C2 �(C���� � �7 ���: Z�_&	 �<� 8,'-3

��;x�I >���,d� / ���2 f���& ���/ �`�9.

%� ��& �2�C2 >��C�?	��D >	�C2 ;�9C<3 J�	 ?	 B��@��	 9�

 9C��2 9C,@� �,(C2 %EC�0D ��/�j3 �?	��D 6�i�Q W�2 �d� .

9<3 �� 	�k�/ ;����1� ���%	�2 �k�: >���I C�9C12 �>/

� �?	��D,		� ��F`>(2 ���4�G ,2�p �%���I � ��	 ���	 

912/�>	�C2 />�jC3 �?	��CD �	 ��3K ��C_,�C���@>�jC2 >

�%F7p�2 � �� 9%(C@3 b5�� �	�� ,�Q�>�jC3 � =C4� ��

�%���.�Q �2,��& ]��	 J��j3 �?	��D f�9<3 �2 ��/ ;��C��

 / ?	 ���2 =4�'�����1� ���%�2 9Q	�p �.2�f���& �&��& 6	�FG

 \CQ ;�9C<3 JC�	 ?	 B��@��	 �2 ��/�j3 ?	 0��& rhI �,�/	SNR 

;x�I >���2�73K 9Cd�� \CQ / B�,�C���@>�[@Cx _&�qC�%

��&%/ ?	 ����1� ���%��	 .

2��C���/ ;�9C<3 r�Cp �C2 =4�C'� ����/ ;�9<3 B/�G

 / �C���5 � 	 >v�C&	 >9C12 �� ���I � %���1� >���G�C�

'� %� 07���� w4� �?	��CD >	�C2 >9C,@� 	0C2	 J�	�2�F2 / 9F7

 >�C��_I / %��M9C�/ ��/�jC3 6�Ci�Q >9129Fk >����F`,�

 %E�0D��	 .	 �2�	 ]��	 J�9<3 J�2 ;�<C��F� 	0C2	 6	�CFG%

	�2>���?	��D >D W�2 912 �2 ,C� ���F-%��C� .C2��C&��& 6	�CFG

 B�	� ?	 0��& rhI �'��	 / %E�0D >912 �� >�Q ?	 %C:��/ .	

%� ���F-,D ;�9<3 J�	 ?	 B��@��	 �2 6K ���.
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